Introduction
th century, the urban population of England increased from 77% to 89% (Hicks and 2 Allen, 1999) . With rapid urbanisation and climate change (IPCC, 2007) increased urban warming is 3 likely to trigger more issues of urban health and wellbeing. Due to the thermal properties of 4 construction materials, lack of vegetation, ‗urban canyons' and anthropogenic heat (Smith et al., 5 2009), the excess heat absorbed during the daytime causes warmer nights, contributing to higher 6 urban temperatures than those in surrounding rural areas. This phenomenon is referred to as the 7 urban heat island (UHI) effect, which generally refers to warmer air temperatures, but refers to 8 warmer surface temperatures as well (Voogt, 2000) . It is well known that the UHI is more prominent 9 on calm and clear summer nights (Oke, 1987) . The UHI impacts can be beneficial, particularly the 10 reduced winter mortality and reduced road salting due to less icy roads (Voogt, 2000) . However, the 11 summer UHI in warmer cities is generally adverse to human health as it can cause additional heat 12 stress in hot weather. The significance of the UHI on heatwaves for cities was highlighted in August 13
2003 when London's UHI intensity reached up to 6 to 9°C, causing nearly 600 excess deaths (Mayor 14 of London, 2006) . In Birmingham, there was a significant UHI effect of over 4.5°C during the 2006 15 heatwave (Tomlinson et al., 2012a) . 16
To identify the UHI, previous studies have used either direct or indirect measurement methods. Air 17 urban heat island (aUHI) can be quantified from air temperature (T air ) directly measured by weather 18 monitoring stations (within the urban canopy layer). Long-term trends in London's aUHI have been 19 examined by Lee (1992) , Jones and Lister (2009) and Wilby et al. (2011) . Wilby (2003) projected 20
London's future UHI using the Met Office HadCM3 climate model. Unfortunately, the UKCP09 21 projections are not able to predict the future UHI due to the missing contribution from urban surfaces 22 in regional climate models (Wilby et al., 2009) . Surface urban heat island (sUHI) can be quantified 23 using land surface temperatures (LST) indirectly measured by satellite remote-sensing. sensing measures radiances in various wavelength bands that are used to estimate surface 25 temperatures. The satellite images do derived for clear-sky conditions capture the spatial views of 26 urban surface temperature (i.e. the skin temperature). Satellite-derived studies have been limited in 27 low-resolution sensors such as 1.1 km pixels for Advanced Very High Resolution Radiometer 28 (AVHRR) (Roth et al., 1989) and 1 km for the Moderate Resolution Imaging Spectroradiometer 29 (MODIS) (Wan et al., 2004) . There have been very few thermal studies with high spatial resolution 30 using Landsat-5 Thematic Mapper (TM) (Liu and Zhang, 2011) and Landsat-7 Enhanced Thematic 31
Mapper Plus (ETM+) (120 m for TM and 60 m for ETM+) due to limited temporal coverage and the 32 infrequent cloudless weather conditions. In recent years, the MODIS instrument operating on the 33 National Aeronautics and Space Administration (NASA)'s Aqua and Terra satellite sensors has been 34 widely used for LST measurements and sUHI studies (Hung et al., 2006) . Both satellites can view the 1 entire surface of the Earth every 1-2 days and acquire data in 36 spectral bands at three spatial 2 resolutions of 250 m (Band 1-2), 500 m (Band 3-7) and 1000 m (Band 8-36) (MODIS, 3 http://modis.gsfc.nasa.gov/). In addition, not all bands are available at the three spatial resolutions. 4
The MODIS LST at 5 km resolution is retrieved in bands 20, 22, 23, 29 and 31-33 . For the clear sky 5 pixels, the LST is retrieved in bands 31 and 32 at 1 km resolution (Wan et al., 2004) with the 6 generalized split-window algorithm (Wan and Dozier 1996) . For a given time and location, different 7 satellite images will be generated using Aqua-and Terra-MODIS sensors based on their different 8 orbits. Tomlinson et al. (2012a) derived Birmingham's summer nocturnal sUHI for different 9
Pasquill-Gifford stability classes (Pasquill and Smith, 1983) using MODIS/Aqua LST data. The 10 specific case study for 2006 heatwave event found a Birmingham sUHI peak of 4.88°C. 11
Lamb weather types (Lamb, 1950 (Lamb, , 1972 , LWTs, have been used to classify synoptic airflow 12 circulations based on the pressure patterns for the British Isles. There have been very few UHI 13 studies undertaken in relation to synoptic weather types such as that by Unwin (1980) for 14 Birmingham, showing that mean nocturnal aUHI peaked at 1.34 K in autumn (10 September-19 15 November) during [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] . Anticyclonic circulation was associated with a maximum mean 16 nocturnal aUHI intensity of 2.26 K, and cyclonic circulation was associated with a minimum mean 17 nocturnal aUHI intensity of 0.49 K. Morris and Simmonds (2000) examined the relationship between 18 the UHI magnitude and anomalous synoptic conditions in Melbourne, Australia. These studies 19 suggested that anticyclonic conditions favour the development of the aUHI (and by inference the 20 sUHI). In addition, it should be noted that the frequency of LWTs vary with location, for example, 21
London is more dominated by anticyclonic, easterly and southerly weather types than Birmingham 22 due to its relatively continental location (O'Hare et al., 2005) . 23
There have been some studies into the comparison of satellite-derived LST with ground-based T air 24 (Hachem et al., 2012; Tomlinson et al., 2012b; White-Newsome et al., 2013; Jin and dickinson, 25 2010) , but very few on the comparison of aUHI and sUHI. Considering the lack of combined 26 research of aUHI and sUHI in relation to LWTs, this study builds upon Unwin (1980) (Met Office, 2011) . Indeed, it is impossible to find a perfect 8 weather station. In this study, two weather stations, Edgbaston and Shawbury (Figure 1 (Tomlinson et al., 2012a) . The MODIS product, 25
MYD11A1-MODIS/Aqua Land Surface Temperature/Emissivity (LST/E) Daily L3 Global 1 km SIN 26
Grid V005 was used in this study. This dataset is available from 8 th July 2002 up to the present with 27 1 km spatial resolution. Indeed, the 1 km grid is more precisely 0.93 km due to the errors caused by 28 geo-location or satellite sensor observations (Wan, 2007) . The data were obtained through the NASA 29
Land Processes Distributed Active Archive Centre (LP DAAC) Data Pool. According to the MODIS 30
Sinusoidal grid tiling system, the tile identifier of h17v03 was chosen to acquire the data across 31
Birmingham. 32
The 1 km 2 pixels covering the urban Edgbaston and rural Shawbury are shown in Figure 2 and the 1 locations of the weather stations are also marked. The Edgbaston station is surrounded by urban and 2 built-up areas, mainly covered with buildings, vegetation (trees and parks) and a small part of a 3 reservoir. By contrast, the Shawbury station is surrounded by a large proportion of grassland (or 4 arable land) with a few clusters of low density buildings. 5 6
Air temperatures 7
Ground-based meteorological data comprised of hourly T air at the Edgbaston and Shawbury stations, type which represents days with weak or chaotic circulation patterns (Hulme and Barrow, 1997) . 25 Jenkinson and Collinson (1977) improved an objective LWTs using daily grid point mean sea-level 26 pressure data, to classify daily circulation patterns into twenty-seven categories (including the LWTs, 27 hybrid types recognised by Lamb (1972) ). Similar to Unwin (1980) 
Methods 7
The UHI intensity (UHII) in this study is defined as the temperature difference between the 8 Edgbaston (urban) station and the Shawbury (rural) station. To examine the characteristics of 9
Birmingham's UHIs (aUHI and sUHI), both ground-based MIDAS T air and satellite-derived MODIS 10 LST were analysed. To define a heat island event, a threshold value was selected for daily T air/min . 11
Days with nocturnal aUHI intensity (aUHII) in excess of 1.5°C can be regarded as UHI events 12 (Unwin, 1980) . A value of 5°C was chosen as a threshold for extreme UHI events. Nocturnal aUHII 13 were grouped by LWT and Analysis of Variance (ANOVA) To obtain the spatial patterns of Birmingham's sUHI for each LWT, the MODIS LST images for that 27 LWT were averaged by using ArcGIS Map Algebra -Raster Calculator. To obtain the sUHI intensity 28 (sUHII), ArcGIS Zonal Statistics -Spatial Analyst was performed to derive the LST from the urban 29
Edgbaston station and the rural Shawbury station. In addition, the spatial patterns of sUHII were 30 defined by subtracting the LST value retrieved at Shawbury from the 2-D LST. 31 The results show consistently stronger nocturnal aUHI intensities than daytime aUHI intensities for 6 all seasons (spring: MAM; summer: JJA; autumn: SON; winter: DJF). In the period from May to 7 August, the daytime aUHI intensities are positive. Statistical analysis of daytime aUHII provides an 8 annual mean value of -0.2°C. The negative values of daytime aUHII from October to April (or 9
Results and discussion
November, January and February, if the elevation correction is made) imply an urban cold island and 10 likely attributed to urban shading. Due to the study core of heat islands, the weak (or absent) daytime 11 aUHI will not be discussed further. 12 Table 1 lists the seasonal mean values and standard deviations of nocturnal aUHII, and the numbers 13 of heat island events together with extreme heat island events over 1850 days. Among four seasons, 14 mean nocturnal aUHII is at a maximum in summer (1.7°C) and at a minimum in winter (0.8°C). In 15 view of this, the aUHI is most prominent for summer nights but weakest in winter. This is because 16 heat absorbed during the daytime is highest in summer and lowest in winter. During the study period, 17
there was an average of 39.8% (N = 737) heat island events and 3.0% (N = 58) extreme heat island 18 events. Heat island events most commonly occurred in summer (47.7%), followed by autumn (43.5%) 19 and spring (39.3%), and least commonly occurred in winter with a proportion of 28.2%. Extreme 20 heat island events mainly occurred in spring (3.9%) and summer (3.7%). 21
Nocturnal aUHI by LWT 23
Unwin (1980) analysed Birmingham's aUHI using Edgbaston as urban station and Elmdon as rural 24 station, and classified the data into LWTs for a period of [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] . In this study, a similar analysis 25 is conducted for the West Midlands using the data detailed in Section 2.4. 26 The most dominant LWT, [A] , was associated with a mean nocturnal aUHII of 2.5°C, the largest 6 proportion of 65.2% of UHI events and 12.0% of extreme UHI events among all LTWs, and the 7 maximum aUHII of 7°C. Two least dominant LWTs, [NE] is not the one covering the Edgbaston station. In Section 3.3 we will show that the averaged sUHII 33 for the pixel of Edgbaston is 3.0°C , lower than this maximum value of 4.16°C. Because T air is directly measured from a single-point weather station but LST is indirectly measured 8 using satellite remote sensing at the 1 km 2 pixel spatial resolution, interpretation of the comparison 9
between T air and LST should be made cautiously. In principle, the LST reading of a pixel can be 10 interpreted as an aggregated temperature of all upward-facing surfaces that the satellite sensor ‗sees' 11 (e.g. roads, roofs, tree tops, vegetation covers, etc.) inside the pixel. For an urban Edgbaston station 12 shown in Figure 2 (a), whereas T air is the air temperature inside the urban canopy layer, the LST 13 obtained from the MODIS/Aqua sensor may be influenced by rapidly cooled exposed surfaces, such 14 as park areas, tree tops and even water bodies (reservoir, lake, etc.) . LST and T air follow the normal seasonal pattern, UHI intensities do not vary significantly across the 23 seasons. By excluding those months with only one or two nights (Jan, Aug, Oct, Nov, and Dec), we 24 notice a difference of sUHII between summer months and spring months (i.e. higher in summer), but 25 this difference is not as significant for aUHII. Mean aUHII for all 48 nights is 3.4°C, which is 26 slightly higher than the mean sUHII of 3.0°C by 0.4°C. 27 Figure 5 illustrates that for both stations, T air is normally higher than LST (with only one exception 28 of Shawbury in November). For the urban site this may be attributed to the fact that LST is 29 influenced by the cold exposed surfaces of the pixel; for the rural site, however, nighttime radiation 30 inversion could be the explanation of the warmer T air than LST. Figure 6 has the slope of unity: 2.2°C for the Edgbaston site and 1.6°C for the Shawbury site. The slope of 1 the regression line for Shawbury is indeed about 1, suggesting that the lower LST due to radiation 2 cooling is independent season. On the other hand, the slope of the regression line for Edgbaston is 3 0.96, suggesting that the difference between T air and LST is weakly season-dependent, reduced from 4 2.2°C at LST=0°C to 1.4°C LST=20°C. For each station, nocturnal T air and LST are strongly 5 correlated at the 0.01 significance level (r > 0.98 for Edgbaston, r > 0.97 for Shawbury, p < 0.01). 6
The scatter plot of nocturnal aUHII and sUHII for the 48 nights is shown in Figure 6 (c), together  7 with the linear regression results. The correlation is statistically significant at the 0.01 level (r = 8 0.419, p < 0.01) and accounted for approximately 18% of the variance of aUHII (R 2 = 0.175). The 9 linear relationship between sUHI and aUHI can be explained by a simple analytical model as 10 described in Box 1. This model is derived from a few assumptions which are reasonably justifiable. 11
The model is expressed by Equation (8) sUHII and aUHII, the magnitude of the slope is larger than that in Figure 6 . We attribute this 18 mismatch to the inaccuracy of the assumptions. One example is the inaccuracy of Equation (6) in 19 Box 1, as we know that under cloudless conditions, normally due to radiation 20 inversion (as discussed earlier). This assumption replaces (a lower value) in Equation (4) by 21 (a larger value) and causes a smaller . To compensate this, the coefficient in 22 Equation (7) anticyclonic conditions. Over the study period, the most frequently occurring (391 nights, 21.1% of 31 1850 nights) LWT, ‗anticyclonic', gives a strongest mean (or maximum) nocturnal aUHII of 2.5°C 32 (or 7°C ) and the largest proportion of nocturnal heat island events of 65.2% in this LWT. Among the 1 selected 48 cloudless anticyclonic nights, the majority occurred in the spring and summer seasons 2 and both aUHII and sUHII do not vary significantly across the seasons. The averaged sUHII and 3 aUHII over the 48 nights are 3.0°C and 3.4°C, respectively. T air is normally higher than LST by 4 about 1.4-2.2°C. The scatter plot of nocturnal aUHII and sUHII for the 48 nights demonstrates a 5 linear aUHII-sUHII relationship. We also developed a simple analytical model that links the slope of 6 the aUHII-sUHII relationship to the difference of -built-up‖ area fraction between the urban pixel 7 and the rural pixel. This partially explains the physical basis behind the relationship. 
